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ABSTRACT

For the prediction of cleanliness levels around spacecraft and
on critical spacecraft surfaces, one needs - apart from a mathematical
model - a number of outgassing characteristics of spacecraft materials.

What is required are the time and temperature dependent data such as
total outgassing rates, condensation rates of contaminants produced onto

surfaces and re-evaporation rates.

As the Micro-VCM outgassing data are of limited value in the pre-
diction of spacecraft contamination, ESTEC developed two outgassing
systems using vacuum and quartz crystal balances. The idea behind this
development was the desire to obtain Arrhenius-type outgassing equations
in which the outgassing is a function of temperature, activation energy

and time.

This paper describes the two outgassing systems developed at ESTEC
together with some of the results that have been obtained. Also described

is a theoretical approach to spacecraft contamination.
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INTRODUCTION

As spacecraft become more sophisticated and the duration of missions is
extended, the need for more stringent control of spacecraft cleanliness is
becoming more and more apparent. For experiments which are contamination-
sensitive, one requires a prediction of contaminant levels (ref. 1 - 7).
However, to predict these levels, one needs not only a mathematical model, but
also realistic input data of the outgassing of materials and the condensation
and re-evaporation of spacecraft contaminants. It is due to a lack of proper
measuring equipment that, so far, not much information in this respect is

available.

Lately, however, the situation has changed and significant progress has
been made owing to the introduction of quartz crystal microbalances (QCM's)
which enable measurement of condensation and re-evaporation of contaminants
down to cryogenic temperatures (ref. 8 - 12). Earlier outgassing measurements
were based on pressure measurements (ref. 13) and vacuum balance measurements
(ref. 14). Mass spectrometers were never widely employed for quantitative
outgassing measurements of polymers because of the complexity of outgassing
products and calibration problems. In view of the lack of realistic outgassing
data, information obtained by application of the well-known Micro-VCM method

has been used for a theoretical approach to the Kinetics of outgassing (ref. 15).

An attempt has been made to also calculate theoretical outgassing figures
on the basis of the Langmuir evaporation theory (ref. 16 & 17), but the results
obtained are of rather limited value since they are only valid for pure

materials such as oils, greases, etc.

Considering that the outgassing products of polymers consist, in general,
of limited quantities of many different components and that outgassing and con-
tamination are controlled by some 10 different parameters, it is quite obvious
that a theoretical prediction of outgassing and contamination by polymers is
almost impossible (ref. 18). On these grounds, it will be clear that the most
one can do is to perform practical tests; to define the limitations on the
basis of the results; to find out whether or not a specific theory fits the
results and - if possible - how the test can be improved. Naturally, it would
be ideal if we could achieve some form of standard test method for the measur-

ing of outgassing, condensation and re-evaporation rates.
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TEST SYSTEMS

The equipment constructed to perform the outgassing measurements incorporates

the advantages offered by combining QCM's with a conventional vacuum balance.

A. Vacuum Balance - Quartz Crystal System_I (VBQC-TI)

This system (see Fig. 1) consists of a Sartorius 4201 vacuum balance which
is provided with a magnetically suspended sample hanger. The balance has
a sensitivity of 1 x 10_5 grammes, but due to vibrations as well as
temperature and humidity variations in the TQC laboratory, the accuracy

is limited to 10‘"4 grammes. The maximum load of the balance is 25 grammes

and sample temperature is controlled by an oven around the sample.

The system contains three Celesco 700A quartz crystal microbalances (QCM's)
which can measure the amount of material condensed on the exposed crystal
down to a few times 10'-8 g.cm-2 (sensitivity: 8.9 x 10“9 g.cm_2 per mV
output). The three QCM's can be cooled down to liquid nitrogen tempera-

tures and are generally controlled at -75, =25 and +25°C respectively.

The removable condenser plate with holes in front of the QCM's is also
controlled at -75°C as lowest QCM temperature and has a diameter of 146 mm

(5 177 cm2 area).

The pumping system is a Varian VT-102 ion pumping system, equipped with a
Varian-250 quadruple mass spectrometer permitting analysis of outgassing
products which do not condense on the condenser plate, i.e. mainly water,
solvents and atmospheric gases. Also forming part of the system are metal

gaskets and pressures down to a few times 10--9 torr can be obtained.

The second system (see Fig., 2) consists of a Sartorius 4433 vacuum balance
which is mounted completely inside the system. Its Sensitivity is 1 x 10_7
grammes and the maximum sample load is 3 grammes. Basically, this system
is identical to the VBQC-I. The condenser plate has a diameter of 200 mm

(= 314 cm2 area) .

The mass spectrometer is capable of analyzing all outgassing products

from the sample through a hole in the condenser plate.
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FIG1 VBQC-1 OUTGASSING SYSTEM
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An additional feature is the sapphire window through which the sample can
be irradiated by ultra-violet light. The sample can be heated either by
radiation from the outside'through this window or by radiation from the

surrounding shroud.

The latter can be cooled down to liquid nitrogen temperature or heated to

around 300°C.

The system is furthermore equipped with a Balzers turbopump and metal

. « s . -9
gaskets. The ultimate pressure is in the order of a few times 10 torr.

3. OUTGASSING MEASUREMENTS ON SPACELAB THERMAL BLANKET

A.

Test Method

Three vacuum balance tests (VBQC tests), using the VBQC-I system described

under 2A, were performed on the same thermal blanket sample at temperatures

of respectively 80, 80 and 125°C so as to simulate successive SPACELAB

flights. Prior to each test, the sample was conditioned at 20°C and 65%

relative humidity over a period of at least one week. From the recorded

mass versus time curves, the following outgassing data were obtained:

- Total mass loss (% TML). The "buoyancy effect" was assumed to be 20 mg
on this sample of 20 grammes.

- Total mass loss rate.

Immediately after the vacuum test, the water vapour regain (% WVR) was

measured at 20°C and 65% RH over a period of 24 hours, using a normal

balance under atmospheric conditions.

The three gquartz crystal balances were controlled at temperatures of
respectively =75, =25 and +25°C while the condenser plate was controlled

at -75°C.

From the measurements of the frequency of the quartz crystals, the following
outgassing data as a function of time were obtained:

- Collected Volatile Condensable Material (% CVCM),

- Outgassing rate of condensable material.

To obtain the total of condensable material, the data from the quartz

crystals (1 Hz £ 4.4 x 10'-9 g.cm_zl were multiplied by a factor of 177

. 2
(the condenser plate's surface area in cm’),
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Material Description

2

The thermal blanket sample of 6.5 x 30.5 cm (= 198 cm™ area) had a mass
of 19.9621 grammes (£ 101 mg.cqu). The materials used for this blanket

were, according to the manufacturer (Aeritalia):

HPI material

Spacing material

Inner protective

layers

Outer protective

layers

Goldized Kapton
tape

Goldized Kapton
tape

Vents

Thread
Fasteners

Bonding material

Results

: 19 layers of 0.3 mil Kapton, goldized on both
sides (Specification SP-AIT-0035);

20 layers of Dacron net. Specification SP-AIT-0033;

Goldized Kapton 0.5 mil reinforced with Nomex net.
Specification SP-AI-0030;

Teflon-coated fibreglass cloth (Beta cloth).
Specification SP-AI-0038;

Silicone pressure-sensitive adhesive. Specification
SP-AI-0034;

Reinforced with glass fibre, pressure-sensitive
adhesive;

Fibre glass Narmco 506/181;
Nomex. Specification MIL-T-43636, Type I, size ff;
AMOCO Torlon 4203;

: RTV~566 silicone adhesive.

The final results of the three successive VBQC tests on the same thermal

blanket are listed in Table 1 hereunder.

TABLE 1 - VBOC OUTGASSING DATA OF SPACELAB THERMAL BLANKET

Test % TML % CVCM % CVCM % CVCM
-75°C -25°C +25°C

VBQC-021 at 0.804 0.0133(1) 0.0080 < 0.0003
80°C/170 h.

VBQC-022 at 0.900 0.0015 0.0006 < 0.0001
80°C/107 h.

VBQC-24 at 0.822 0.0104(2) 0.0077 0.0004
125°c/165 h.

Notes

(1) The recuperated contaminants from the condenser plate, after
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the VBQC-21 test, amounted to 2.98 mg which corresponds to

a percentage of 0.0149%, This is in good agreement with

the value obtained from the quartz crystal balance at -75° c.
The infra-red spectrum of the recuperated contaminants
indicated hydrocarbons, phthalate esters and methyl silicones.

(2) The recuperated contaminants from the condenser plate, after
the VBQC-024 test, amounted to only 1.1 mg (2 0.0055%).
This lower value can be partly attributed to a condense cool-
ing failure at the end of the test, resulting in a partial
re~-evaporation of the collected contaminants. The infra-red
spectrum of the "stripped" screen contaminants indicated many

more silicones than the spectrum of test VBQC-021.

The water vapour regain (WVR) by the thermal blanket after exposure
to 65% RH at 20o C after 24 hours is listed in Table 2 hereunder.

TABLE 2 - WATER VAPOUR REGAIN OF THERMAL BLANKET

Test SWVR
VBQC - 021 0.88
ﬁ ;
'VBQC - 022 0.73 ;
‘VBQC - 024 0.67 !

Average 5 0.76

The outgassing rates derived from the thermal blanket during
: . : =
the three VBQC tests are given in Figures 3, 4 and 5 .

* Conversion from %.S-1 to g.cm_z.Sql, multiply by 1 x 10°

Conversion from %.S-1 to torr.l.cm_z.S_l, multiply by 0.95 (M = 18).

- The total mass loss after 7 days is 0.85% (average value), i.e.
approximately the same percentage as the water vapour regain

after the tests (0.76%).
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- The total outgassing rate is almost independent of
the temperature. This corresponds to a low "desorption"-~

activation energy.

- The amount of condensable material collected during
the second test at 80° C was only 10% of the amount
collected during the first test. (A vacuum bake proves
to be an efficient way of releasing volatile condensable
contaminants) .
The CVCM outgassing rate during the second test was

roughly the same as that at the end of the first test.

- From the initial outgassing rates of the condensable
materials during the third test at 125° ¢ and the final
outgassing rates during the second test at 80° C, the acti-
vation energies for condensable outgassing can be calculated

according to Arrhenius's law:-

]
= e - (E/R (-,F‘}——é)f

1
2

<

!

<

"

TABLE 3 - ACTIVATION ENERGIES OF CONSENABLE MATERIAL

V1/80o C V2/125O C ; Activation Energy
H
|
cvem - 75° ¢ | 1.5 x 1070 9.1 x 1078 | 25,600 calmol”l
|
cvem - 25° ¢l 8 x 1070 | 7.2 x 107 | 28,100 calmo1”’

From the fact that the condensable outgassing rates tend to drop
below the 10_8 %.S_1 at the end of the test at 125O C, it may be
concluded that the outgassing of the condensable material is
unlikely to be caused by thermal degradation because no steady

state outgassing level is reached!
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4. OTHER OUTGASSING DATA FROM VBQC-I TESTS

The final results of a number of VBQC-I tests are listed in Table 4

hereunder and partly plotted in Figure 6 to give an impression of

the effect of temperature on condensable materials.

TABLE 4 - VBQC-I OUTGASSING DATA

Material Test | Time/Temp. % TML % RML % CVCM $ CVCM % CVCM
| -75% ¢ | -25° ¢ | +25° ¢

Chemglaze Z 202 001 i 160h/125°%C | 2.42 - 0.082 | 0.033 |< 0.0002
Araldite AW 106 005 | 24n/125°%c | 2.43 | - 0.173 | 0.0565 |< 0.007
'Solithane 113 007 24n/125°%¢ | 0.26 - 0.025 : 0.014 {< 0.001
Honeycomb OTS 009 36h/100°C | 0.293 0.073 = 0.0026 ° 0.0010 | 0.0001
'Honeycomb + RTV-560 = 010 18n/100°%¢ | 0.370 ' 0.088 0.0250 ' 0.0055 ' 0.0001 !
‘Chemglaze II A-276 019 160h/1250C 2.07 1.45 0.232 0.064 0.028 ‘
‘Araldite AV 100 026  1i2n/125°%  1.70  0.87  0.060  0.045 0.025
'Super Koropon 027  142nh/125°%C  4.53 - 3.44  0.134  0.077 -

i

i
H
i
1

* After vacuum post cure 320n/80° c.

The curves drawn through the three points in Figure 6 give the impression

that the CVCM at intermediate temperatures can be found easily. However,

a theoretical contamination curve for ethylhexylphthalate indicates a sudden

: o . : s
re-evaporation around 0 C. None of the practical curves is similar to

the theoretical curve, which may be explained by the fact that the condensable

material consists of several components, e.g. gaschromatograph mass spectrometer

analyses of the material condensed at -75° C, originating from a honeycomb panel

with RTV-560 adhesive on top, indicated some 20 different components (ref. 19).

5. THEORETICAL CONTAMINATION EQUATIONS

Contamination of a surface by outgassing products, originating from

an outgassing source, can be expressed by the following equation:-

Q=% "%

1

where: -

(%.s'l) *
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QS = mass change of contaminents on a surface or contamination flux,
QC = captured flux,
QL = leaving flux.

*For simplification purposes, the fluxes are expressed in %.s—l based on the mass

(M) of the outgassing material.

The captured flux can be further expressed by:

Q. = FrQ (x.571) EQUATION 2
C (o)
where:
F = view factor, the fraction of mass leaving the outgassing source which is

capable of striking a known surface of area A (cm2),

0" = capture coefficient, the fraction of mass striking a surface which is not
reflected, i.e. is absorbed (other terms used in literature are absorption
coefficient, condensation coefficient and accommodation coefficient),

O = outgassing flux of the source (%.S—l).

The leaving flux QL can be expressed by the Langmuir equation for evaporation:

Q, = 0.06 PS\/%‘- K.A. lmﬁ (.51 EQUATION 3

where:

PS = saturated vapour pressure of contaminants (Torr),

M = molecular mass,

T = temperature (K),

k = evaporation factor; this factor was introduced in view of possible non-

evaporation of the first monolayer (s) due to Van de Waals' forces and also
in view of possible repolymerization of, or reaction between the captured
contaminants,

A = area of contaminated surface (cmz),

m = mass of outgassing source (g).

Combination of equations 1, 2 and 3 gives:

= FrQ_ - 0.06 P M.oxa 20 1

Q T m (3.5 ) EQUATION 4

S
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or, simplified:

-1
= Fi - $.
QS fQo QL (8.8 ) EQUATION 5
A. CALCULATION OF EXPECTED SPACECRAFT CONTAMINATION BASED ON MEASURED
CONTAMINATION FLUXES
Expected condensable contamination in a given application can be evaluated
from equation 6 which is based on an assumed linear relationship between
contamination flux (Qs) and view factor F:
_ F2 -1
Qsp = FT 91 (3.8 ) EQUATION 6
where:
QSz = expected contamination flux (%.S—l),
F2 = realistic view factor,
Fl = view factor of VBQC test,
Qg1 = contamination flux during VBQC test (%.S_l).
B. CALCULATION OF EXPECTED SPACECRAFT CONTAMINATION USING THE STICKING

COEFFICIENT

Certain contamination models use the sticking coefficient:

S = fraction of impinging flux (FQo)' which sticks permanently onto the
surface, or
QS

S = — EQUATION 7
FQo —_——

Expected spacecraft contamination can be calculated using equation 7 for

a given application, where:

F2 = view factor and
QSz = the expected contamination level.
=SF (%.8"1) EQUATION 8

The sticking coefficient has to be measured from tests. The VBQC tests

give QS and Qo data, so that - using equation 7, we obtain:

Q
S = F—S-l— EQUATION 9
lQo
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Combination of equations 8 and 9 gives:

.

fa |
Fy

%2 %1 (2.5 EQUATION 10

Via determination of the sticking coefficient using the VBQC test, we
arrive at the same equation 6 as in paragraph 5, which is not surprising.
The sticking coefficient "S" may be expressed also as the capture coef-
ficient "e" minus the ratio of leaving flux QL to impinging flux FQO by
the combination of equations 5 and 7:

Q
L
S =06 - —
FQO

EQUATION 11

This equation demonstrates that the sticking coefficient changes with the
impinging flux FQO because the leaving flux QL (i.e. the evaporated flux)

is constant for a given temperature of the condenser and "o" is supposed

to vary only slightly with temperature.

The sticking coefficients of the thermal blanket contaminants, calculated
on the basis of equation 7, from QS and Qo fluxes which were obtained from
VBQC tests (paragraph 3) are certainly not constant, as can be seen from

Table 5 hereunder.

TABLE 5 - STICKING COEFFICIENTS OF THERMAL BLANKET CONTAMINANTS

Sticking coefficient at -25°C Sticking coefficient at -75°C

Test 1 hour |10 hours| 100 hours | 1 hour | 10 hours | 100 hours
st at 80°C | 1.3x107% | 2.6x1072 | 1.2x1072 2.9x1072 | 3.6x1072 | 3.2x102
2nd at 80°C | 3.0x107° | 1.3x107° | 4.7x107> | 5.6x107° | 2.6x10™° | 8.8x10""
3rd at 125°C | 1.5x107° |3.4x1072 | 7.0x10"2 1.9x1073 | 4.0x1072 | 1.1x1071

The fact that the sticking coefficients shown in Table 5 are not constants

can be explained by considering equation 7. As will be seen, "S" is the

ratio of QS (contamination flux consisting of high molecular weight compo-
nents: hydrocarbons, esters and

Thus, the

silicones) and the impinging flux FQO
(i.e. mainly water). outgassing of completely different compo-

nents is being compared.

The method used to predict spacecraft contamination by means of equation 8

(the sticking coefficient method) is much more complicated than prediction
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according to equation 6 because Qo and "S" both change with time and the
second method does not even consider Qo' The final results are, however,
the same; both methods suffer from the same error of the non-proportional

function of QL with FQo in equation 11.

The prediction of spacecraft contamination according to the two above
methods is only absolute if the test conditions are the same as the actual
conditions, i.e. if the amount of captured contaminants per unit condenser
area is the same. In other words, the same configuration factor "K" must
be used in equation. Should the predicted factor "K" be lower than the
"K" factor of the VBQC test, then the predicted contamination level may

be too high because the ratio &L will probably increase (equation 11).

L
FQO

IDEAL OUTGASSING MEASUREMENTS

As mentioned in the preceding paragraph, ideal measurements are those that
relate to "configuration" type samples. In practice, however, they are diffi-
cult to perform by means of vacuum balances due to accuracy and mass limita-
tions. An alternative method consists of performing a standard test and
measuring all required parameters. This will enable the prediction of absolute
levels instead of pessimistic ones. The parameters required are those

mentioned in equation 5, wviz.:

1

Qg = FoQ, - Qr (%.8 7). EQUATION 12

The contamination flux Qs and the total outgassing flux Qo can be measured
using the VBQC systems. The view factors are known and the unknown " =

capture coefficient and the Q = leaving flux according to the Langmuir

evaporation equation can be measured by shielding the contaminant sensors
(QCM's) from the outgassing source. This means that the view factor "F" be-
comes zero, so that QS becomes QL. In practice, this implies that the contami-
nant level will decrease as a result of re-evaporation of the contaminants on

the QCM. Once QL is known, “o" may be calculated from equation 5,

To obtain accurate data, it is important that Qo does not change too much

during the shielding period. This period should be, therefore, as short as

possible,

A practical means of measuring QL is given in Figure 7.
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This type of test can produce curves of QS’ Qo, Qr, and "¢ as a function of

time and temperature.

RE-EVAPORATION OF CONTINUOUSLY COLLECTED CONTAMINANTS AT THE END OF A TEST

The standard VBQC test method involves the collection of all contaminants on
the QCM's during the test and their subsequent re-evaporation at the end of
the test by heating the QCM's. This method of continuous collection may re-
sult in incorrect contamination fluxes (QS), especially when these fluxes
drop by some order of magnitude during a test. An example, based on the QS
curve (CVCM - 75°C) in Figure 3 shows how it is possible to obtain such
incorrect contamination fluxes:

6

The initially measured contamination flux of 2 x 10 %.S-1 is supposed to

have a leaving flux QL of 1 x 10_8 %.S-l.

After 100 hours, the measured flux dropped to 4 x 10-9 %.S-l. Supposing that
the leaving flux at that time is still the same as during the initial period,
i.e. 1x 1072 5.57¢
be 1.4 x 10-8 %.S—l instead of the measured 4 x 10

+ then the real contamination flux, after 100 hours, should

% 4.57L.

The theoretical error is not verified in this case because the initial contami-
nation flux QS’ measured with a clean QCM during the second test on the thermal
blanket, is close to the final QS during the first test, respectively 4 x 10_9

%.S-l and 3 x 10_9 %.S—l (see Figures 3 and 4).

Re-evaporation of contaminants at the end of a test by heating the QCM's
results in re-evaporation rates as a function of time and temperature. De-

rived from these re-—evaporation rates can be the effective vapour pressure

Psl = PS\’%-- k.| (torr) at different temperatures. (See equation 12).

From the above measurements, the relation between effective vapour pressures
and composition of the collected contaminants may be calculated (see Figure 8).
Conversion of these effective vapour pressures, obtained at different tempera-
tures, to effective vapour pressures at any temperature is possible by inter-

polation end extrapolation as shown in Figure 11l.

From the curve of effective vapour pressure versus composition of collected
contaminants at constant temperature (similar in appearance to Figure 9), the

amount of contaminants which will re-evaporate in the predicted model can be
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calculated, but only in the case where the “configuration" factor “K" is
smaller than the "K" factor during the test. The latter operation is a re-
evaporation correction of the pessimistic prediction mentioned in the last

alinea of paragraph 6.

Again, there is an uncertainty because the above corrections are based on a
constant composition of the collected contaminants. It could be imagined that
- to the contrary - the average vapour pressure of the contaminants will de-

crease with time and that, thus, the composition will change.

VAPOUR PRESSURES AND COMPOSITION OF CONTAMINANTS (calculated from contamination

flux (Qs) measurements at different temperatures)

A third method of obtaining the effective vapour pressure and composition of
contamination flux QS is based on the three different Qs values obtained with
the QCM's at different temperatures. The advantage of this method over the
one described in paragraph 8 is that this method can be applied at any time

during the test. In this method, the flux QSl at temperature T, is compared

1
to flux QS2 at T + AT and it is assumed that the difference between these two
fluxes is caused by the re-evaporation of the contaminants. This can be

expressed as follows:

M 100 .
QSl = diFQo - 0.06 P51\/T'k'a' o (from equation 4)
Ml 100 .
Q52 = <,—2FQo - 0.06 PS2 V:,;k.a. - (from equation 4)
AQS = (FQO - PS x C EQUATION 13
or
AQS
Ap_ = EQUATION 14
S Ao'FQo
—— C
APS

In equation 14, it can be assumed that A is negligible compared to APS
because ¢ is expected to vary little with temperature and Ps varies some 20%
per degree! The further calculation of effective vapour pressures and compo-
sition of contaminants is similar to that mentioned in paragraph 8. The
results of this approach on an Araldite AW 106 outgassing test are shown in

Figure 9.
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10.

One of the problems of determination of wvapour pressures of condensable contami-
nants as a function of temperature by measuring the re-evaporation rates from
the QCM's is the accuracy of the temperature measurement of the QCM. Our pres-
ent QCM's - in principle two quartz crystals between which a platinum resistor
measures the average temperature of the two crystals; one crystal is shielded
and the other exposed to the outgassing flux to be measured - indicated an error
in temperature measurement of V20°C during a thermal cycling test of a solar
array. The QCM temperature reading during that test was -150°C, the exposed
crystal facing the solar array at +55°C indicated at that moment a water re-

evaporation rate which corresponded to a temperature of -130°C (reference 22).

IDEAL CASE OF NO SURFACE CONTAMINATION

Theoretically, one can avoid surface contamination as can be seen from equation

4 hereunder:

0 = o, - 006 b, T+ ko 200

s T - (EQUATION 4)

No surface contamination means QS = 0 or in formulation:

F QO = 0.06 P %-k.A.E%Q

s (.87} (EQUATION 15)

Introduction of the configuration factor "K" which can be expressed as:

Ferm

K==

(EQUATION 16)

and combination of equations 12, 15 and 16 gives the relation between the

effective vapour pressure P ! and the total outgassing flux:

S
PS1 = KQ_ (torr). (EQUATION 17)

This means that a contaminating component of which the outgassing flux is Q0

and the effective vapour pressure above the one calculated from equation 16 will
not contaminate a surface under the conditions fixed by "configuration" factor
ngn

In most cases, it will be difficult to realize no surface contamination, but in
practice one can go at least some way towards achieving this goal by:

1) reduction of view factor "F" by shielding the critical surface;

2) reduction of capture coefficient "¢" (main problem is how?);

3) reduction of Qo' In practice, this means the QS at the temperature of the

critical element by:
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(a) selection of proper materials,

(b) reduction in temperature of outgassing source,

(c) application of a shutter, so that the critical surface does not see the
outgassing source until after a certain time when the outgassing has
dropped below a certain level;

(d) covering the outgassing source by a low outgassing material of low
permeability;

(e) pre-degassing of materials;

4) application of the lowest material mass possible;

5) augmentation of vapour pressure by increasing the critical surface
temperature.

If the above actions cannot prevent surface contamination, then a periodical

de-contamination of the critical surface is possible, e.g. by heating. The

configuration factor "K" for the three outgassing systems at ESTEC has been

calculated from equations 15 and 16 assuming that the capture coefficient = 1.

The relevant data are given in Table 6 and the function of "K" with vapour

pressure and outgassing flux is plotted in Figure 10.

TABLE 6 - CONFIGURATION FACTOR "K" FOR OUTGASSING SYSTEMS

System g cﬁz K
Micro-vcM 0.2 7 5 x 1073
VBQC-T 20 176 2 x 1072
VBQC-II 1 314 5 x 107"

An outgassing flux of 1 x 107% %.57! corresponding to 0.1% CVCM according to the
micro-VCM test during 24 hours will just re-evaporate if the vapour pressure of
the material is 5 x 102 torr. This vapour pressure at 25°C corresponds to the
vapour pressure of triacontaan Cj3gHgz (see Figure 11, curve 30). This means
that the micro-VCM condensable material has a vapour pressure below that of
triacontaan. The lowest vapour pressure of a contaminant at 125°C, which still
gives a total mass loss of 0.1%, is 2.5 x 10”7 torr; this vapour pressure cor-
responds to that of heptatriacontaan Cj37H7g.

Table 7 shows the equivalent hydrocarbons which will not pass the 0.1 CVCM

limits of the micro-VCM test operating at different condenser temperatures.
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11.

TABLE 7

Condenser Temp. Equivalent hydrocarbons which will Covering
o not pass the micro-VCM limits of lines in
0.1% CVCM Fig. 11
+ 25°C Ca7Hye — C3oHs2 A
- 25°C Ca7H76 - CauHso B
- 75°C C37H76 — CieHss c
-125°C Cs7H7¢ = CioH2o D

The flux of 1 x 10™°% %.5™!, which was mentioned earlier and which will just
re-evaporate in the micro-vCM system if the vapour pressure is 5 x 10~° torr,
will just evaporate in the VBQC-II system (having a "K" value of 5 x 10™") when
the vapour pressure is 5 x 10719 torr. This means that the materials of which
the outgassing flux is 10~ %% and the vapour pressure between 5 x 107° torr -

5 x 10”2 torr are measured as CVCM with the micro-VCM system and not with the

VBQC-II system at the same condenser temperature.

CONCLUSION

A standard test method for measuring the total outgassing rate and the conden-
sible outgassing rates of spacecraft materials can give very useful information
for material selection and spacecraft contamination prediction. If the pre-
dicted levels are not acceptable, the necessary corrective actions can be taken
at the early design phase. The outgassing characteristics of materials can
best be studied only when the fluxes are easily measurable. In general, this
means that a high configuration factor "K" is required. On the other hand, for

critical spacecraft surfaces, where contamination should be as low as possible,

the design to be incorporated should be such that the lowest possible "K"
factor is obtained.

In practice, the prediction of spacecraft contamination requires extrapolation
of the VBQC test contamination data down to realistic spacecraft contamination
levels in which the "K" factor is generally much lower than the "K" factor in
the VBQC test. The linear extrapolation method and the sticking coefficient
method both result in "worst case" figures because the re-evaporation of con-
densable contaminants is not completely taken into account.

The correction method for re-evaporation of contaminants required the vapour

pressure to be expressed as a function of concentration for the condensable
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contaminants. These vapour pressure data may be obtained from the three
methods given in this paper.

At the present time, no tests are being performed to correlate data pertaining
to these three methods.

A problem in the determination of vapour pressures of condensable contaminants
as a function of temperature by measuring the re~evaporation rates from the
QCM's is the temperature measurement of the QCM's in our systems. Recent
improvements on temperature stability of QCM's have been achieved by the use
of double oscillating quartz crystals (ref. 20), even simultaneous mass and
temperature determination on a QCM is possible by use of the electrode - tab

configuration (ref. 21).
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APPENDIX

APPENDIX: VAPOUR PRESSURES OF SOME SPACECRAFT CONTAMINANTS

The vapour pressure/temperature function of typical spacecraft contaminants
such as solvents, water, methyl siloxanes, phthalate esters, phenyl-methyl silox-
anes, and alkanes (hydrocarbons) is in general not known below 1 torr. Knowledge

~12 torr and the corresponding temperatures is

of vapour pressures down to 10
interesting for above mentioned types of contaminants because of possible space-

craft contamination of critical surfaces.

Also interesting is the selection of materials which can be used for calibra-

tion purposes of outgassing systems and for contamination experiments.

The vapour pressures of 1, resp. 10 torr and the corresponding temperatures
given in the Handbook of Chemistry and Physics (D-185) have been used for the cal-

culation of the constants A and B in the Clapeyron equation:

logP=na -

H{w

In the above equation P, the vapour pressure in torr and T is the absolute

temperature in K.

The A and B constants for the methyl-phenyl silicones DC705, resp. DC705 were

obtained from the manufacturers data sheets.

As no better data were available, the Clapeyron equation has been used for

12

extrapolation of the vapour pressures down to 10~ torr.

The A and B constants of the 38 materials are given in attached table and
the corresponding pressure/temperature functions have been plotted in attached

figure.

An interesting point of the plotted vapour pressure/temperature functions is
that all the lines seem to come from one point. This means that any vapour pres-
sure of an unknown material measured at certain temperature can easily be

extrapolated to a vapour pressure at another temperature.
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TABLE: VAPOUR PRESSURE EQUATION ACCORDING TO CLAPEYRON log P = A - %
P=yapour pressure
(torr)T= temperature
NO. CHEM.FORM. M NAME A B
1 C2C].3!.-‘3 188 Trichloro-trifluoro-ethane 8.408 1725
2 c3H60 58 Acetone 8.555 1829
3 CHCl3 120 Trichloro-methane 8.604 1852
4 C6H14 86 Hexane 8.588 1883
5 Cc Cl4 154 Carbontetrachloride 8.342 1862
6 C4HBO 72 2-Butanone (MEK) 8.349 1878
7 C7HS 92 Toluene 8.447 2082
8 C2H60 46 Ethanol 9.341 2260
9 c6H6 78 Benzene 10.385 2456
10 C3H80 60 2-Propanol (1IPA) 9.670 2390
1] S0 106 3-Xylene 8.565 2281
12 C6H1803Si3 222 Hexamethylcyclotrisiloxane 8.458 2272
13 H20 i8 Water 10.482 2681
14 C10H20 140 Decane 8.391 2431
15 C8H2404Si4 296 Octamethylcyclotetrasiloxane 8.906 2626
16 c1 0H3005815 370 Decamethylcyclopentasiloxane 8.766 2791
17 C1 2H36065j'6 444 Dodecamethylcyclohexasiloxane 8.974 3056
18 C14H4205S:|.6 458 Tetradecamethylhexasiloxane 8.902 3088
19 CIOHS 128 Naphtalene 10.812 3523
20 C1 4H4207Si7 518 Tetradecamethylcycloheptasiloxane 8.954 3219
21 C16H4806Si7 532 Hexadecamethyl heptasiloxane 9.088 3330
22 C15H32 212 Pentadecane 9.328 3403
23 C1 6H48085i8 592 Hexadecamethylcyclo octasiloxane 9.015 3396
24 C1 8H54O7Sis 604 Octadecamethyloctasiloxane 9.148 3468
25 C19H40 269 Nonadecane 9.077 3690
26 C16H2204 278 Dibutyl phthalate 9.428 3973
27 CZOHGOOBSiQ 680 Eicosamethylnonasiloxane 10.271 4285
28 C24H50 339 Tetracosane 9.494 4339
29 C22H5609Si10 744 Docasamethyldecasiloxane 11.200 4855
30 C24H72010Si1 1 828 Tetracosamethylhendecasiloxane 11.805 5293
31 C16H2204 278 Ethylhexyl phthalate 12.779 5814
32 ? 484 DC-704-Methyl Phenyl trisiloxane 11.025 5570
33 C3OH62 423 Triacontane 10.977 5705
34 ? ? DC-705 Methylphenyltrisiloxane 12.118 6424
35 C34H70 479 Tetratriacontane 12.178 6861
36 C36H74 507 Hexatriacontane 12.772 7473
37 C38H78 535 Octatriacontane 13.435 8152
38 C40H80 563 Tetracontane 14.067 8841
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